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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
TECHNICAL NOTE NO. 1088

EIGHE-ALTTITULE FLIGHT COOLING INVESTIGATION OF A
RADIAL, ATR-COOLED ENGINE

By Eugene J. Manganiello, Michael F. Valerino
and E. Barton Bell

SUMMARY

An investigation of the cooling of an 18-cylinder; twin-row,
radial, alr-cooled engine In a high-performance pursuit airplane
has been conducted for variable engine and flight conditions at
altitudes ranging from 5000 to 35,000 feet in order to provide a
bagis for predilcting high-altitude cooling performance from sea-
level or low-altitude test results.

The engine cooling deata obtained are analyzed by the usual
NACA cooling-correlation method wherein cylinder head and barrel
temperatures are related to the pertinent engine and cooling-air
variables., A thecretlcal analysis is made of the effect on engine’
cooling of the change of density of the cooling air across the
ongine (the compressibility effect), which becomes of increasing
importance as altitude is incysaged. Good agrecement was obtalined
betwsen the resulta of the theodretical analysis and the test data.
It was Tound that the ume of the cooling-air exlt density in the

NACA cooling-ccrrelation equation is a sufficiently accurate approx-

imation of the compressibility effect to glve satisfactory corre-~
lation of the cooling data over the altitude range tested. It was
also found thet a sea-level or low-altitude correlation based on
entrance donsity gives fairly accurate cooling predictions up to an
altitude of 20,000 feet.

INTRODUCTION

A method was developed by Pinkel (reference 1) for relating the
cylinder-wall temperatures of an air-cooled engine with operating
conditions, cooling-air temperature, and cooling-air weight flow.
Because pressure drop is a more .easily measurable guantity than
welght flow and because the product of cooling-air entrance density
(taken relative to standard sea-level air density) and vressure
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drop Oq,Ap Is a function of the weight flow, thls prcduct was

substituted for weight flow in the correlation method. This sub-
stitution, which was made on the basls of incompressible-flow
considerations, has proved satisfactory for the correlatlion of
sea-levcl end low-altitude cooling data, as is evident from the
results of numerous engine-cooling investigations (for exemple,
reforcnces 2 and 3). For application to high-altitude flight,
however, where the change of density of the cooling-air across the
ongine (compresslibility effects) becomes significant, the weight
Tlow and Og,Ap are not mmiquely related end consoguently the sub-
gtitution lg invalidated. ZErrors are therefors introduced in the
prediction of high-altitude cooling from sea-~level or low-altitude
tost results when the substitution is made.

Some theorstical and exnerimentel investigations of the cooling
problems at altitude have alieady been conducted., Reference 4 pre-
gents a theoreticel study of the compressibility effect in relation
to aircreft heat-exchanger operation and provides charts whereby,
in a series of successive apuioximetions, the compressible pressure
drop corresponding to a given cooling-alr weight flow, drag coefl-
ficlent, and density change can be determined. A somewhat similar
theorsetical analysis of the compreseibility effect in relatlon to
engine cooling is given in reference 5, which provides charts for
accurately determining comuyressible-flow cooling-gsir pressure drop.
In sddition, reference 5 indlicates that the compressibility effect
can be accounted for, to a good degrec of accuracy, by the use of
the product of pressure drop and exit density. This correlation

of cooling-air weight flow with pressure drop oo the basls of exit- '

denglity conditlons was exporimentally verified by Pratt & Whitney
Atrcraft (rcference 6) in single-cylinder-engire teste over a range
of simulated altitudes from sea level to 45,000 fest., A similar
single-cylinder investigation (reference 7) conducted and reported
concurrcntly with the subject tests furthor verifies the use of
exit density cxporimentelly and theoretically.

In order to obtain information on the cooling characteristics

of air-cooled engines at altitude conditions and, in particulasr, to

check present methods of extrapolating to high-altitude conditions
the data cobtained from sea-level or low-altitude cooling tests, a
flight cooling investigation was conducted on an 18-cylinder, twin-
row, radial, air-cooled engine installed in a high-performeance
pursuit alrplane. The investigation consisted of flights at vari-
able engine and flight operating conditions at altltudes ranglng
from 5000 to 35,000 feet. The cooling data obtained were correlated
by the NACA nmethod developed in reference 1 as modifled to account
Tor cooling-air compressibility effects. A theoretical analysis was

o
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algo made to checlz the validity of the use of cooling-alr exit
density in the correlation equation for approximating the compres=

gibility effects. _ — -

TEST INSTALLATION

Alrplane and power plant, - The engine cooling tests were con-
ducted in a pursuit airplane on an l8-cylinder, twin-row, radial,
air-cooled engine having a volumetric displacement of 2804 cubic
inches. The compresslion ratio for the engine is 6.65, the spark
getting 20° B.T7.C., and the wvalve overlap 40°, The engine is
equipped with a single-stage, single-~speed blower, which has an
impeller diameter of 11 inches and a gear ratio of 7.6:1. A
turbosuperchargesr consisting of a single-stags impulse turbine
wheel with a 13.2-inch pltch-line diameter shafted directly %o a
15~inch-diameter impeller provides the supercharging required for
high-altitude operation. An injectlon-type carburetor meters the
fuel to the engine at the inlet face of the engine stage blower.
The power plant ils rated as follows:

Horse- Engine Aititude
power epeed (£t)
(zpm)
Normal 1625 2550 29,000
Emergency maxirum 2000 2700 27,000
Take-off 2000 2700 @ —,eee-

The engine power is delivered through & 2:1 reduction gear tc &n
electricslly controliable four-bladed propeller having a diameter
of 12 feet 2 inches, The propsller ias fitted with shank cuffs and
1a not provided with a spinner hub.

A photograph of the alrplane used in the flight tests is pre-
sented in figure 1., Figure 2 1s a schematic dlagrem of the power-
plant Installation showing the general arrangement of the internal
alr-ducting system and the relative positions on the airplane of
the engine, the cowling, the turbosupercharger, the intercooler,
and the oll coolers. The engine cowling is of the NACA type C
fitted with elght adjustable cowl flaps extending around the upper
half of the cowling. A small flxed air gap boebtween the engine
cowling and the fuselage body extends sround the lower half of the
cowling to the auxiliary air-supply scoop. The cpening of the
auxillary air-supply scoop, which supplies alr to the carburetor,
intercooler, oil coolers, and exhaust cooling shrouds, is located
within the engine cowling at the bottom of the engine. The inter-
cooler is mounted at the rear of the ailrplane slightly forward of

3
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the turbosupercharger and 1is provided with two ssperate cooling-
air cutlets and flaps, one on each side of the fuselage. The oil
coolers are mounted in series with respect to the oll flow, one on
sach corner of the fusslage at the rear of the englne. L
Engine cooling-air pressure measurements. - Although the tests
included an extensive cooling~air pressure survey in which a large
number of pressure tubes and locations were used, only those tube
combinations specified by recent NACA procedures as glving the best
indication of the average cooling-alr pressures shead of and behlnd
the engine are of present interest. The tubes used for the average
pressure indications and their locations are shown in figure 3.

The total pressure of the cooling air was neasured ahead of
the engine with open-end tubes H1l, E2, H3, and H4 located on each
front-row cylinder at the positions indicated in figure 3. These
tuhes were instealled halfway between the fin tips and the cylinder
baffle.at a point about ons-eighth inch behind the tangent point of
the baffle~entrance curl. The cooling-air static prossure behind
the engine was measured on each rear-row cylinder with open-end
tube P3 installed in the stagratvion region behind the cylinder top
bafifle and tubes Pl and P4 installed in the curl of the intake-side
beffle. Care was taken in the Installation of these tubes to insure
that they received little if any wvelocity head.

The pressure tubes were lsd to motor-drivern pressure-selector
valves which, in turn, were ccnnocted to HACA recording multiple
manometers. All pressures could be recorded 1In 2 minutes.

Temperature measurements., -~ Cylinder-wall tempsratures were
measured with iron-constantan thermocouples located on the heads
and the barrels of each of the 18 engine cylinders. The locations
and designations of these cylinder-wall thermocouples are indicated
in figure 4 and are ag follows:

(1) At the rear spark piug with standard gasket-type thermo-
couple T12. (See fig. 5 for eketch of gasket details.)

(2) In the rear spark-plug boss with thermocouple T35 embedded o
to a depth of one-sixteenth inch. (See fig. 5 for detalls of
irstallation, )

(3) In the rear middle of the head circumferential finning
with thermocouple T19 peened sbout cne-sixteenth inch into the
cylinder~wall surface
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(4) In the rear of the barrel two-thirds of the way up with
thermocouple T6 peened about one-gixteenth inch into the aluminum-
barrel muff -

(5) At the rear of the cylinder base flange with thermoccouple
T14 gpot-welded at the flange

The free-air temperature was obtained from the temperature
reading of a resisbance-bulb thermometer installed under and nesr
the tip of the right wing. The correctlon for stagnation-heating
effect was determined 1n a separate £light calibration for various —
alrgpeeds, T/

A survey of the temperatures in the cooling-air stream
directly behind the engine was mede during most of the flight ) N
testas. Eighteen lron-constentan thermccouples were used in this -
survey, two in front of each of the nine intake pipes at tho same ST
radlal digtances as the widdle of the engine heads and barrels.

The intake pipes provided partlal ghielding of the thermocouples o T
from the exhaust-collector ring. J ————

The temperature of the charge air was measured at the carburetor
top deck with four narallel-connected lron-constantan thermocouples.
All temperatures were recorded by high-spesed data recorders
consisting of galvanometers, thermocouple selector switches, and
film-drum recorders. It wae possible to record 200 temperatures
during each run in about 3 minutes. A calibratlon point was
obtainod for each gelvanometer during each test run by taking
galvanoreter readlngs of a known standerd voltage; the offect of T
changing galvenomebter calibretion was thus eliminated. A check on
the accuracy of the tewperature records was also provided during
each run by reocording on each galvanometer the temperature of hot e

mercury containcd within a thermcs hottle. -~ S S

Charge -air-weight-flow measurements., - The charge-air welght
flow was measured during flight by venbturil meters installed in the
two parallel lines between the intercooler and carburetor, as shown
in figure 2, end calibrated within the charge-alr ducting systenm
vrior to the flight testa. In addition, checks were obtalned from
the carburetor compensated metering pressure as measured during
flight and its relation with charge-air flow as sestablished in
extenglve carburctor alr-box tests for the test range of carburetor
pressures and temperatures. The checks obtalned wers within 3 per-
cent, the deviations being of a random nature. Co
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Fuel-flow messurements. - A flow-bench calibration of the car-
buretor in which the fuel flow was related to the carburetor com-
nensated metering pressure furnished the most direct and simplest
nethod of measuring fuel flow in the flight tests. This fuel-flow
calibration was later verified in the ailr-box tests, which showed
the relaticn bebween compensatved metering preasure and fuel flow
to be independent of the pressure and temperature conditions of the
charge alr at the carburetor top deck and alsc of the fusl tempera-
ture, within the range encountered. In addition, fuel-flow checks
were obtained with both a vane-type and a rotameter-type fuel flow-
meter in several special flights covering the engine fuel-flow
operating range. Except for a few wildely erratic points, the
checks were within 13 percent. e T

Cther measurcmsnts. ~ Free-stream impact pressurs was measured
by a shrouded total-head tube installed on a streamline boom on
the right wing tip. A swiveling static tubs, which was calibrated
in a special Tlight, was also cerried by the toom about 1 chord
length ahead of the leading cdge of the wing. Conbtinucus records
of both the lmpact and static pressures were taken during each run
by NACA pressure recorders.

A torquemeter was incorporated for measuring engine torauc.
The torque was indicatod on a gage in the cockpit and was read by

the pllot.

Engine and turbline speeds were separately recorded by revolu-
tion counters operated in conjunction with a chronometric timer,

The engine exhauast pressurse vas measured by means of static
wall taps located on both sides of the exhaust collector ring
upstrean of the waste gate.

Continuous records were taken on WACA pressure and control-
position recorders of manifold pressure; charge-alr pressure ab
the turbosupercharger outlet and at the carburetor top deck; throttle
sotting; mixture-control setting; angle of attacks; and engine, oil
cooler, and intercooler flap openings. T

TEST PROCEDURE

The flight tests were conducted, for the mogt part, at alti-
tudes (based on pressure) of 5000, 25 000, 30,000, and 35,000 feet;
a few flights were also made at intermediate altitudes. The three
main controllable variables during each test run at a given altituds
were engine power, engine speed, and englne cooling-air pressure
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drop; 1in general, during sach congtant-altitude flight one of these
three variasbles was indepsndently varied while the other two were
maintained constant.

The engine power was controlled wilth the carburetor throttle
at constant engine speed and, at the high altitudes, also with the
exhauet waste gate through regulation of the turbosupercharger
speed. The mixture control was set in the sutomatic-rich position
and the fuel-air ratio was allowed to vary according to the carbu-
retor characteristics. The enginc speed was controlled with the
vroneller governor and the cooling-alr pressure drop was controlled
by means of the cowl-flap deflection and through change in the air-
plane drag characteristics (and thus the airplane velocity and
availablo ram pressure) obtainea by raising and lowering the landing
gear.

A gunmary of the flight test conditions is presented in table I.
During each test run, in which the speclfied tost conditions were

e record was obtained of tae coulﬁng—air pressurss and temyeraturos
ahoad of and behind the engine, the cylinder-wall temperaturss, and
the airplene and engine operating conditions.

EEDUCTION OF COOLING DATA

Correlation equations. -~ The baslc squation developed in refer-
ence 1 for correslating the wall temperatures of air-covled engines
with the engine overating conditions and the cooling-air temperature
and weight flow is

T - T K
h a n o_ 1 _

e Wo = —= _ (1)
g Th We,

All symbols are defined in awnpendix A,

It has been the practice in low-altitude cocling-correlation
work to assume that the weight flow of cooling alr W, 1s a func-

tion of the more readily measured quantity Oen®P and to meke this
substitution in equation (1). The assumption that Wy 1s a unique
function of O.,Ap has, however, been shown by various theoretical

analyses (references 4, 5, and 7) and some test data (reference 6)
to be inaccurate for large altitude changes. ee—— T

it 1s shown in appendlix B, which nresents a theoretical treat- -
ment of the rslation between cooling-air weight flow and pressure _ T

7
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drop, that Wy is, move correctly, a function of Ogyx/Jen I1n 2ddi-

ticn t0 JgpAP. On the basls of the resuits of appendix B, eqaa-
tion (1) is written

Iy - Ta W, _._ixé___g;‘_’g_x\‘ (2)
Th (Je A‘_p)m (Genj

here  § (Ogx/Tgn) demotes a function of céx/cen

At low altitudes, the variation of Ogx/0en over the normal

engine operating range ls sufficiently smell that ite function may
be considered as a constant, with negligible sacrifice in accuracy.
For substantlally constent Ouy/Cgn equation (2) becomes the
familiar correlation equaition

e / W © (2a)

( OenAp)

When a large altitude rangs 1s considered, in which case largze

veriations in Gexﬁjen arc encountered, it is necessary to include

tie veriations of the function ¢(0yx/0oy) In equation (2.
anpendix B, ¢ (Oex/Cen) is theoretically derived. If it is

assuned that
( ceX> = K4 ( Gex\)-b
\Jog \Ceon

equation (2) reduces to

‘I‘h - T n K
/Yo = (3)
s = Tnj %o}
(OentP)"
G..

the constants n, m, b, and X will be evaluated from the test
data.

In order for oxit density (as suggested in refercnces 5 and 6,
and es theorctically shcwn in refercnce 7) to be a satisfactory
besis of correlation it is nccessary that b = m in equation (3),
in which case equation (3) rcduces to

R L P
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' (4)
Th// (GexAP)

The accuracy of the foregoing simplification will be empirically
checlked with the flight-test data. Equations similar to equa-

tions (1) to (4) may also be written for the engine barrels. o

Some Investigators (see, for example, reference 8) bel+evo
that, in order tc obtain accuvate correlation, the local cooling-
alr temreratur in the vicinity of the spot on the cylinder wall
under investigation (at the location where T, 1is measured) should
be used instead of the entrance cooling-air temperature. In :
eppendix C it is shown that the cooling-correlation equation con-
taining the local cooling-air temperature can be transposed to the
equation contsining entrance cooling-alr temperature; honce elther
can be used. The inlet cooling-alr tewperature was used Iin the -
correlation presonted in this report because the added complication
of determining the local cooling-alr temperaturoe did not appear’
warranted.

Mean effective gas temporature TF' - The meen effeoctive gas

temnerature TS is, for a given engine, conaidered a functlon of

fvel-air ratio, ‘nlet-manifold temmerature, exhaust pressure, and
gvak timing.

On the basis of previous correlation work, a TSBO value of

1150° F for the heads and 600° F for the barrele is chosen for the
reference conditions of F/A = 0.08, T, = 80° F, and p, = 30 inches

of mercury absclute, and for the normal suaric setting.

The veristion of ‘.'L'8 with fuel-alr ratio for the sea-~level

exhaust-presgure condition ig taken as that determined in previous
cooling tests on an R-2800-21 single-cylinder sngine (reference 9).
This T880 varilation, which was also found to check well with the

results obtalned on other tymes and models of air-cooled engines,
ig plotted for the heads and barrels in Tigure 6. The variation of
Tga with exheust pressure for the rangs covered in the predgsnt

tegts is included in flgure 6 and represents the results of extensive
vxhaust-progsurc tests conducted at Clevoland on an R-2800-~5 engine.
Inasmuch as the ongine normal gperk timing was used throughout the
tests, the offect of this variable is not required for analysis of
the cooling test data. T

i
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The correction applied to Ts to obtain T8 for values cf
T, Other -than 80° F is given as ATy = 0.8 (Ty -~ 80) for engine
heads and ATg = 0.5 (T - 80) fcr engine barrels. The dry inlet-

manifold temperature Tp i1s calculated from the carburetor inlet-

alr tewperature and the thecretical blower temperature rise,
agsuming no fuel vaporizaticn. This relation is given as

UZ
Tm =T, + EEE; (5)

For the engine used in the present investigation, equation (5)
reduces to S

: 2
N
Ty = Tg + 22.1 (3365) (8)

Cylinder temmeratureg. - The value of cylinder-head tempera-
ture T) wused in the primary ccrrelation is taken as the average
for the 18 cylinders of the temperabture indicetions of the thermo-~
couples peened into the rear middle of the heads (T19 in Fig. 4);
the barrel temperature Ty 1is taken as the average of the temper-
ature indications of the therwocouples peened into the rea® of the
barrels (T6 in fig. 4). Final correlation curves based on the rear-
spark-plug-gasiket and boss embedded-thermocouple readings (T1l2 and
T35 in fig. 4) are also pregented to permit cooling comparisons
with the results of other investigations.

Cooling-alr temperetures. - The enbrance cooling-air tempera-
ture T, 1is taken as the stagnation alr teuperaturs shead of the

engine as calculated from the free-air temperature and the airplane
velocity measursments.

The exit cocling-sir temperabure, which is required for cal-
culation of the exlt density, was cbtained for about 90 percent
of the tomts from the averasze of the temperature indications of
the thermocouples located in the cooling-air stroam behind the
engine, the values for the engine-head and engine-harrel cooling
alr being separately avernged. These date were corrslated by means
of a relation doveloped in appendix D, which resulis in a single
curve lnvelving the cooling-air pressure drop and the ratio of the
temperature rise of the cooling air AT to the tomperaturc differ-
onco betwoen the cylinder head and the ontrance cooling alr T, - Tg.
In the correlation of the cooling-test data, the exit cocling-air
temneraturos for all tho tests are calculated from this curve.

10
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Cooling-air pressure drop and density. - The average cooling-
alr pressure drops across the engine heads and barrels are separately
determined as the difference between the average total pressure ahead
of and the average ststic pressure behind the engine heads or bar-
rels.

The average for the front-row cylinders of the readings of the
tubes designated Hl, H2, and H3 (fig. 3) is taken as the average
vreasure in front of the engine heads; the average of the readings
of’ the tubes H4 is taken as the average pressure in front of the
engine barrels.

The average static pressure behind the engine heads 1s obtained
from the average for the reer-row cylinders of the readings of
tubes Pl and P2; tubes P4 are used for obtaining the average static
pressure behind the engine barrels. S

The entrance density of ths cooling air is calculated from the
stagnation-air temperature and the total-pressurs values ghead of
the engine; conversion into entrance density ratio Ogn 18 made
gimply by dividing by the standard sea-lesvel density value
(0.0765 1b/cu £t). The exit demsity of the tcoling sir is calcu-
lated from the exit-alr-temperature and static-pressure values
behind the engine and is converted into exit density ratio Ogx
by dividing by standard sea-level density.

Although the exit deneity is readily calculated from the
measurements of temperature and pressure made in the flight tests,
its evaluation for use in predicting cooling performence from an
established correlation is not direct inasmuch as it involves a’
knowledge of the temperature rise and pressure drop of the cooling
air across the engine. A method of caleculating the exit density
for use in cooling predictions is given in appendix E.

Constants mw, n, and Kz. - The exponents m and n o0f Gg,AP

and W,, respectively, and the constant Kz ‘are determined from
the cooling dats obtained at a constant Cex/cen (for all practical o

purpoges, at a constant altitude) by means of the familiar corre-
lation procedure expressed in equation (2a).

The function ¢ (Jex/Gen). - In order to check the validity of
the theoretically derived equations (3) and (4), the function ' .
¢ (Jex/Oen), which represents the effect of cooling-air compressi- =
b1lity in the generalized correlation equation (equation (2)), is

m
N ~ Ta (CanAp)
eXperimentally determined by plotting TE__jfi._jﬂ%r__. against
Tg T ~*h W,
11
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Oox/0en from the data obtained at the different altitudes. In

order to minimize the extraneous effects resulting from diffsrences
in englne operating conditions that mey not correlate accurately
and may therefore mask the lesg sensgltlive effects of the cooling-
alr density change, data are selected, in the construction of this
plot, for & narrow range of ongine operating conditions (1200 and
1500 bhp; engine speed, 2550 rpm; fuel-air ratio, 0.12)., In addi-
tion, in order to increase the over-all accuracy of the plotted
parameters through reduction of the random percentage errors
agsociated with the tests, the values of the paremeters for the
individual rune of each variable cooling-air pressure flight (five
to six runs per flight) are averaged to give one plotted point per
flight.

RESULTS AND DISCUSSION - SR

Determination of congtants m, n, and Kz. - The determination
of the exponent m on g, ,Ap (equation (2)) is shown in figure 7
n lots of B 1@ ong b " Ta
where plots of — & e
Tg - Tn Tg - Tp
the data obtained at an approximetely congtant Opy/Csn value of
0.83 (constant altitude of 500C ft) in flights that were cach con-
ducted at substantially constent charge-air weight flow, fuel-air
ratio, and engine speed with variable coolinz-alr -ressure drop.
Lines with the best-fitting congtant slope are drawn through the
plotted values for each of the flights. Tke coumon slope, which is
the negative value of m in equation (2), is -0.35 for the cngine
heads and -0,43 for the engine barrels.

T, - T
A crogs plot from figure 7 of the values of EQ_-_E% and
Ty, - T S
Eh_——ii against charge-air weight flow W, for a constant C,pAP
g _

velus of 12 inches of water for the heads snd 9 inches of water for
the barrels is presented in figure 8. Included in this figure are
the cooling regults obtuined in a single flizht conducted for vari-
able cherge-alr weight flov at an approximately constant Ogy/Cepn

value of 0.83 end GenAp'wﬂues of 12 and 9 inches of weter for the

heads and barvels, respectively. The plotted values for the vari-
able chorge-air-flow flight fall in with the points taken from the
crosg plot of figure 7. These points determine o slopes of 0.60 for
the heads and 0.43 for the barrels, which are the respective values
of n (equation (2)) for the engine heads and barrels.

12
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n - Te WGO'60 and u/wco‘43, as cal-
Tg - Th Tg - T’b

culated from the data obtained in all the flights condvcted atb
Oex/ﬁen of approximately 0.83 (altitude, 5000 Pt}, are plotted in
figure 9 against the corresponding O, AP values. A line with’
the previously determined slope -m (-0.35 for the heads and -0,43
for the barrels) is dravn to best represent the plotted velues.

The correlation equation, which represents the correlation line
dravn in figure 9 for Ogx/Cen of 0.83, is expressed as

The values of

Th - Tg [, 0.60 _ 0.42

W S L . (7)
Ty - © 0.35
g~ 7Th (Cgndp) ™%
For the engine barrels
T, - T
b a WGO.43 - 0.85 (8)
Ty - T 0.43

(Cgnt)

It is noted that the conatant of 0.42 in equation (7) and 0.85
in equation (8) are equal to K, (Oéx/oén) in the general corre-

latlon expression (equation (2)) and to Kz in equation (2a).

Determination of function ¢ (Cex/Ten). - In accordance with
Ty - T (Oophp)?*3d
Tg - Ty, W.GO.GO
flight at constant engine conditions but variable cooling-air
pressurs drop are plotted in figure 10 sgainst the corresponding
Oexﬁsen valres. The plotted points define a variation of increcasing
# (Oox/Cen) with decreasing Oex/Fon thus indicating the detri-
montal effect of cooling~air compreseibllity on engine cooling.
This effect is the well lmown altitude effect, which, for constant
Ty - Ty )
Tg - Tn :
increased altitude. Curves describing the thooretical variations
Of ¢(Opx/Oen) With Ogy/Jen, &s detormined in appendix B, are
included in figure 10 for comparison. Agrcement with the experi-
mental results is indicated. oL

equation (2) the values of

averaged for sach

an 1s reflected as an increase OgnAp requirement with

It is ovidont that the cxponent b in equation (3) is oqual
numerically to tho slopc of a straight linc through the points in
figure 10. A line having a slope of -0.35 (the negative value of

13
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the exponent m of OgpAP in equation (7)) is drawn through the
point representing the data at an altitude of 5000 feet. This line
gives a good representation of the test data and also of the theo-
retical curves and is arbitrarily chosen as it permits simplification
of equation (3) to eguation (4).

The correlation equation for the cylinder heads obtained from
figure 10 is

Ty - T _

o a./w 0.60 _ 0.39 ___0.39 (9)

g = Tn 0.35 0.35
0.35 Géx> (CgxtP)

(o‘enAp) G’_ oxt

Tt is noted that the consitant of 0.39 in equation (9) is the test
value of K in equation (4). When OCgx/Cen 18 set equal to 0.83,

(value for tests at an altitude of 5000 f£t), equation (9) reduces
to equation (7).

Attempte to determine the function @ (Ogx/den) TFor the cyl-
inder barrels by the foregoing method were unsuccessful because of
the large scatter of data, which masked the effect of the function
¢(Uex/cen) on the barrel cooling. In the correlation of the
barrel data presented in the subsequent section it will be assumed,
however, that the function @ (Oex/Cen) for the barrels is similar
to that for the heads and that the exponent b 1s equal to the
valus of m for the barrels (0.43).

Correlation of all data on basis of GgxAp. - The values of

Ty - Ty Ty - Ty

E__T Woor® ama 22 / w,0**% caloulated from the deta

o%tained in all the fliéht tepts covering a range of altitudes

from 5000 to 35,000 feet (equivalent to a range of Oex/Cen from
0.83 to 0.62) are plotted in figure 1l against the corresponding
JexOD velues. The correlation line given by equation (9) for the

engine heads is indicated in figure 11. It is readily evldent that
this single correlation line well represents both the low-altitude
and the high-~sltitude cooling data. The best line with the previ-
ously determined slope of ~0.43 ig drawn through the plotted values
for the barrel. It i1s evident that for the date on the barrel the
agrecment between the plotted values and the line is only fair at
the high-altitude conditions but that no definite conclusions can be
drewn because of the large data scatter. The equation that describes
this line isg .

14
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Tb - T&. W 0.43 = 0.77 (10)

Tg = To/ © (OgxlP)

Correlation of all data on basis of gg,Ap. - The variable-

altitude cooling data is plotted against OgnfP 1n figure 12
wherein comparison is mede with the correlation line given for
Oex/Jon eaual to 0.83 (S000-ft altitude) by equations (7) and (8)
forr the engine heads and barrels, respectively. It is seen that
becaunse of the test variation of Oegx/Oen, which is not accounted
for by the correlatlion line, the test points obtained at the high
eltitudes, altiiough quite scattered, tend to fall slightly above

the correlation line and ghow a definite trend of incroasing devi-
atlon with increase in altitude. This general grouping of the high-
altitude date points above the 5000-foot correlation line again
indicates a greater OenlP requlrement at the higher altitudes.
Even for as high an altitudo as 35,000 feet, howover, the deviations
are only of the same order as the svread in the test points.

An exemination of the plotted points in figure 12 indicates

that a single line with a 8lightly higher slome than the correlation ~ =7

line for constant Ogz/Oe¢n can be drawn to fit satisfactorily all
the data. This apparent data correlation can be explained with
reference to figure 13, which presents, for the same data as 1in
figure 12, a plot of Cex/oén against O, Ap on logaritimic
coordinate paper. It is noted that, although the relation between
Oex/Oen and O AP ie actually different for the dlfferent alti-

tudes, the bulk of the data for the entire altitude test range can’
be roughly represented by a single relation expressed as

OpxlOan = Ks (GenAp)s. The use of a single relation is made possible

In thie case only because of the operstional limitations of the
engine~airplane combination that causes a shift in operating range
of OonlP with altitude; for examvnle, at an altltude of 5000 feet
(Oex/ on = 8pproximately O. 83), a range of G Ap of anproximately

4 to 20 inches of water was covered in the tests, whereas at an
altitude of 30,000 feet (0,4/0,, = approximately 0.75), the

O nAP range is approximately 1.5 to 5.5 Inches of water. Substi-
tution of X5 (JgpAp)® for Oex/Oon and tho valuec of m for b
in equation (3) reduces the right-hand term of this equation to

hs/(c Ap)m(l+s), which gives m{l+s) as the slope of the line
best correlating the plotted points in figure 12. Inasmuch eas the
neteblishmont of this correlation is dependent on the variation
obtained in the tests of Gox/cen with GenAp, it is anpllcable,

15
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for use 1n predictions, only when the operating conditions satisfy
the test relation between oex/ben and Ogndp. This correlation

is therefore of no reliable aid in altitude and pressure-drop oo
extrepolations.

Correletion of average rear-spark-plug-boss and gasket temper-
atures. - Inasmuch as the cooling of aircraft engines ls frequently
evaluated on the basis of the rear-spark-plug-boss and gasket tem~
neratures, the correlstion results based on these temperature
readings (T35 and T2 in fig. 4) ave presented in figures 14

T35 - T T2 - T
and 15 as plots of _______E//ﬁbo'so and. a//WbO.GO ]

Tg -~ T35 T8 ~ T1i2

respectively, against Og AP and OJgn,Ap. I% is of interest to
know, as an indication of the accuracy of the general test results,
that the correlation line for the rear-spark-plug-boss temperabure
checks within an average accuracy of 10° F with that obtained in an
NACA test-stand investigation of a similer multicylinder engire.

Altitude cooling voredichbions from sea-lsvel correlation, - A
comparigon of the cooling obtalned at altitude, as predicted by the
cooling-correlation line based on O ,Ap (equation (9)) with that
indicated by the sea-level cooling-correlation (actually S000-ft
altitude) line based on Ogyudp (equation (7)) is shown in figure 16
as a plot of average head temneraturs T1i9 egainst altitude for con-
stant englne conditions and two constant values of cooling-air
pregsure drop (10 and 20 in, of water). The difference between the
curve based on J,,Ap and that based on O, Ap eamounts to 9° F at
20,000 feet, 13° F at 30,000 feet, and 36° F at 50,000 feet, when
the cooling-air pressure drop is 10 inches of water. For a cooling-
air pressure drop of 20 inches of water, differences of 99, 20°,
and 60° F are obtained for 20,000, 30,000, and 50,000 feet, respec-
tively.

The magnitude of the errors inbtroduced when predicting high-
altitude pressure-drop requirements from the low-altitude correla-
tion line based on OcnbP rather than Og A7 1is illustrated in
figure 17, which presents, for & given set of congtant engine
operating conditiorns, the cooling-asir pressure-drop variation with
altitude as calculated by both corrslations for maintaining an | T
average head temperature of 400° F. Errors in cooling-air pressurs : :
drop of 1, 2, and 14 inches of water are indicated for 20,000, 30,000,
and 50,000 feet, respectively.

Filgures 16 and 17 indicate that altitude predictions from a
sea-level corvelation based on OghAp are fairly accurate up to
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20,000 feet but thet the error increases so rapidly with further
incraase in altitude that the correlatlon bassd on O, Ap should
be uged at the hLircher altitudes. -

CONCLUSIONS

The results of engine-cooling flight tests conducted on an
18-cylinder, twin-row, radial, air-cooled engine in & pursult alr-
plane for & rauge of al+itLaes from 5000 to 35,000 feet show that:

1. Ths effect of coolipg-air compressibility on the cooling
charactsristics of air-cooled engines can be accounted for, to a
good degree of accuracy, by the use in the NACA cooling correlation
method of the cocling-aiyr pressuvre drop based on the exlt rather
than the cormonly used entrance dersity, The uss of exit density
is further rationalized theoretlically.

2., A sea-level ccrrelation on tl:e basis of entrance density
gives fairly accurate results up to an altitude of 20,000 feet.
For higher altltules, however, the use of exit density wherever pos-
gible is recommended inasmuck as tre ervcr resulting from the use
of entrance density increases abt a rapldiy increasing rate with
altitude. .

3. Por an illustrative sebt of constant engine opsreting condi-
tions, the errors involved in prodictions made from the low-altitude
corrslation based on emtrance rather than exit density amount to:

(8) Average head temperatures of 9°, 13°, and 36° F for a con-
steant cooling-air pressure drop of 10 inches of water at 20,000,
30,000,and 50,000 fest, respectively.

{(b) Cooling-air pressure drops of l 2, and 14 inches of water
Por an average head - -temperature of 400° F at 20,000, 30,000, ani
50,000 feet, respectively.

Alrcraft Engine Research Laboratory, o
Hational Advisory Commititee for Aeronautics, : N
Cleveland, Ohio, May 9, 1946. . -
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APPENDIX A

SYMBOLS

All symbols used in the text and the appendixes are defined
here in alphabetical order for convenlence of reference.

A outside-wall area of cylinder head, sq in,

cp specific heat of air, 0.24 Btu/(1b)(°F) o -

£ cylinder free-flow area ratio

F cylinder frictlon factor

Fq cylindor friction factor at OgndP = 1 in, of water ____

F/A fuol-air ratio of enmgine charge e

g acceleration of gravity, 32.2 ft/secz

h heat~tranafer coefficient from outside wall of cylinder head -
to cooling air, Btu/(sq in.)(°F)(sec)

J mechanical equiw}alent of heat, 778 £t-1b/Btu

N engine speed, rpm .

P abgolute pressure of cooling air, in. Hg o

Pg engine absolute exheust pressure, in, Hg

Ap cooling-alr pressure drop across engine, in. water B

Apf cooling-alr pressure drop due to skin friction within cyl-

inder Interfin passages, 1n. water

Apm cooling-air pressure drop due to momentum change of cooling
alr across cylinder, 1n. water L
T, - cooling-alr temperature ahsad of engine, Op
Ty cooling-air temperature at rear of engine, °F ) R
Ty cylinder-barrel temperature, °F -
Ty cerburetor inlet-air temperature, °F i

18
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Tq mean effective gas temperature, °F
T. mearn: effective gas tewmperabture corrected to a dry inlet-

80 manifold temperaturs of 80° F -
Th cylinder~head temperature, °OF
Ty dry inlet-manifold temperature, -F R
AT cooling-alr temperature rise across engine, °p -

tip sveed of engine-stage blower, ft/sec

cooling-air velocity within interfin passages, ft/sec

Wq cooling-air welght flow across engine, lb/sec R
We engine ciaarge-air ocnsumptioﬁ, lb/sec e
) cooling-air density, 1b/cu £t R
o density of cooling zilr relative to stendsrd air density of

0.07€5 1b/cu £t, p/0.0765 -
Subscripts:
2n at cylinder eutrence
EX at cylinder exit o
avy avorage condition between entrence and exit _ o

Correlatlion constanta: -

k: kl: 17-2: k3) k'4,’ k5: K: KJ_) Kz, K‘SJ Kz_p K5: KG
Correlation exponents:

) -
n, w, r,r, b, 8, x, 7, Z
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APPENDIX B

THEORETICAL. DERIVATION OF EFFECT OF COOLING-ATR-TENSITY
CHANGE ON EWGINE COOLING

An expression will be derived for the cooling-correlation equa-
tion in which account is taken of the effect on the cooling-air
pressure drop of the change in coollng-air density from the front
to the rear of the cylinder. From this expression and the test dats
at low altitude (5000 £t) an equation is obtained by means of which
the cooling of the engine at any albtitude may be predicted.

In the derivation of the expression for the cooling-alr pressure
drop, simplifications are made that have been found to Introduce a
small inaccuracy.

Simplified pressure-irop equation. - With reference to figure 18,
the pressure losses across an engine cylinder can be divided and
expressed as follcws: FEntrance loss {station O to station 1)

A = -
Pen = 572; 2

Skin~friction lossee within the cylinder interfin passages, (sta-
tion 1 to station 2)

2
App = F pamyév
f "~ 5.2g 2

or, based on the entrance conditions and exlt-entrance density ratio
(Ggy 1s taken as the arithmetic average of Ogn 80d Ogy)

2
1 penyén 2F 12
br =52 T 2 Com (22)
14+ —=

Momentum loss (station 1 to station 2)

PenVen
Apy, = ENTE (Vex = Ven)
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oxr -
PanVanl
1 en’'sn 1
ADy = -1
Pm =53 T3 z@ex (13)
on

Exit-pressure recovery (station 2 to station 3) o

Moy = —e's“‘%* (Vox = Vexr)

or

2
1 PenVen ’ézfz - fi\

Ap
ex © §, 2g 2 Oox

(14)
Oen

The total pressure logas asrcss an englne cylinder is given by the
sumnatlon of the component losses as

2 - 2
1 PenVen {(l—f2)+- BF 4 g /L1 _1\ 4 2f5~1)

Ap = (15)
S.28 2 1 Cex Jex Cex
-%625 aen . Cen

Comparison between the values of pressure drop computed from equa-
tion (15) and from the more rigorcus methods of reference 5 indi-
cated a maximum difference of 10 percent for extreme condltions
with respect to present cylinder and operating conditions.

Cooling~-correlation equation Including campressgibility effect. -
e pimplified pressure-drop equation when solved for Wy, which
is proportional to pg Ve,, can be written as

El(c Ap)l/z
Ha = ¥ s e
(1-£2)+ cex
1'+gen Oén Gen

Substitution in the basic cooling-correlation equation (equa- Tt
tion (1)) results in

21



NACA TN No. 1089

0 ‘lr/z
/7
T T Kl (l—f2)+-—-?_L+2 1 -1 +2Sf —f!
...h_.-___. 1+ 9_?_3_‘:_ Ee_x_ Oex
Tg - Th _ Cen gen Y, G—en
) (17)
W e
© kGJenAp)
Multiplying both sides of equation (17) by (OénAP)m alves
Ky |(1-£2)+ +2 1\ 4 2(£e-f)
o 14 28X \QEEE Jex
Tn-Ts Oenl®) Sen _ Yen en (18)
Tg=Th w2 A

k(TgnAn)

The friction fectsor ¥ 1s proportional to the 0.2 power of the
cooling-eir Reynolds number Tor turtulent flow through the cylinder
interfin passages. Because of this smell variation of F with
Reynolds number, the following simplifications in the determination
of an exprossion for F are permisgsibie:

(a) The viscosity in the Reynolds number peramster is assumed
consgtant.

(b) The mass flow in the Reynolds number parameter is teken
s proportional bto (oenAp)l 2,

With these simplifications F can be written:

0.1 .
F = FlGJGnAp) _ (19)
where F; 1s the value of F at Ognbp egual to 1 inch of water,

Combination of equations (18) and (19) gives

- /
- X 40,1  S¥/2
i B
VAN R4 14 2SE 2 Jo%,
%-ﬁ(%ﬂé jé en Isn Ssn (20)
Tg—T ?{n" --‘E/' " @\// 20
ATy Yo ] ( enA\-{)l = _‘
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The left-hand side of equation (20) when equated to a constant is
recognized as the usual form of the NACA correlation relation
(equation 2(a);; the right-hand side introduces the effect of
change In Ogg/Oen. The constants Kp/k, Fy, £, m, and r in

equation (20) will be evaluated from the kmown air-flow character-
igtics of the engine cyiinder and from the low-altitude test data
(5000 £t) at which conditior the value of Oex/Oen was found to be
effectively constant at 0.83 for a wide rangs of overatlng condi-
tions. When the values of these constants are inserted in squa-
tion (20) this equation may be used to predict the ccoling at other

values of O_,./0 ., corresponding to any altituds and operation.

Evaluation of constants of equation (20). -

(a) The friction factor F; 1is determined as 0.9 from air-
flow and pressure-loss data obtained at sea level in single-cylinder
tests on an R-2800-21 engine. ' i

(b) The value of free-flow area ratio f 1is taken as 0.1 as
estimated from measurements on an R-2800-21 engine. An accurate
value of f 1is not reguired ag the terms involving f are small
compared with the cther terms in the numerator of the right-hand
side of equation (2G).

(¢) The values of Ki/k and r are determined frxom the
cooling-test date obtained for Cgyx/0en equal to 0.83 (5000-ft

altitude tesis) in the following manner:

For Ogy/0en ©aual to .83, equation (20) must reduce to

equation (7). Thus,
- 0.1 . /2
2F. (5__Ar) - a(f2 - ¢
(1-£2) 4 —228 so( =2 —J) +—-(—-——)
) 1+ 0.83 \0.83 0.83
—ﬁ = 0.42 (21)

1 - 23
CHNS ) T

Cn substitution of the numerical values of F¥; and [, and
rearrengement, eguation (21) beccmes .

@.42 %)2/1« (0 00)"

When the left-hand side of equation (22) is plotted against::enAp

0.1 &
1.184 + 0.984 (o Ap) '~ = r (22)

T

on logerithmic coordinate paper, the slope squals the exponent 1— 2o
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Figure 19 presents this plot and indicates a value for 1 = %2 of

-0.04, The value of r, as calculated from this equality and the
experimental value of m (indicated by equation (7) as equal to
0.35), is found to be 0.67. The ordinate in figure 19 at OCgpAPp

2/r
equal to 1 inch of water gives the value of (?.42 EE)‘/ as 2.2

X
from which —% is calculated to be 0.32. When the foregoing

values are substituted for the constants and exponents, equation (20)
becomes

- ~0.335

1.8(0gntP L 0.18
0.99 + - <Ef ~
0.35 1+ J0% ox Sex
Tn~Tg (OontP)

- =0.,32
Tg-Th WCO.GO

(23)

(0

The value of n = 0.60 1is obtained from the test data at SOOO-foot

- Ty - Ty (O, ap)C+35 .
altitude. The quantity Tg - Tp U0 is computed from
- W,

equation (23), which was established fram the theoretical analysis
and the cooling test date at Ogy/0o, equel to 0.83, and is plotted

as dashed lines in figure 10 against GexﬁUen for tﬁo extreme

values of Og,Ap(0.5 and 20 in. of water). It ls noted that JgAp

introduces negligible spread in the curves, which indicates that
a8p 1is of small significance in the right-hand side of equa-

tion (23) or its generalized form (equation (20)), and hence, that
equation (23) can be apovroximabted by equation (2).
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APPENDIX C

JUSTIFICATION FOR USE OF INIET COOLING-AIR
TEMPEPATURE IN CCRRELATTION EQUATIONS

The following derivation is presented to show the validity of
the use in the correlation equations (for example, equation (1))
of the inlet ccooling-alr temperature Ingtead of the local cooling-
alr temperature In the vicinlty of the location at which the cyl-
inder temperature 1s measwured.

If the cylinder temperature at the rear of the head 1s under
investigation then, on the basls of local cooling-air temperature,
the correlation equation (1) would be written

Th - TI' n .

o+ Ot A " S (24)
c =T

Tg - Tn Wy©

where the expoment »' differs numerically from the exponent r

in equation (1).
From equations (28) and (29) developed in appendix D

- 5 A-Wé(x-l) (Tp - Tg)

®p

(25)

When T, is eliminated from equation (24) by means of equation (25),
there results

(x-1) -
Ty - Tg - kg A Wg . (T - Ta)

P : Kg (26)

4
(T, - ) W W™

g

Rearrangement of texrms gives

T
T, - o = )
g~ Th (x-1)
W 1 -
a Q_p
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It is noted that, for a given engine installation, the right-hand
side of equetion (27) is & function only of W, and can be approxi-
mated within the limits of the varlation of Wy of interest in
engine cooling by Xj/Wa¥. Equation (27) then becomes

Ty - Tg n &
.3 1" Al epar - (28)
Tg - Th/ c Wal'

which is the same as equation (1) and similar in form to equa-
tion (24). It is thus evident that use of the inlet cooling-air
temperature instead of the local cooling-air temperatiure merely
results in a change of the congtant and cooling-alr exponent in
the correlation equetion.

If the asgumption 1s made that the tewperaturs rise of the
cooling air to any given location around the cylinder as a per-
centage of the total temperature rise is constant for all oper-
ating conditions, then the same transformation from local-ailr
tempersturs to inlet-air temperature as shown by equations (24) to
(28) can be made for any local cylinder temperature.
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APPENDIX D

ENGINE COOLING-AIR TEMPERATURE-RISE EQUATION

For convenience in cooling predictions, the engine cooling-air
temnerature rise is relabed to the other kmown cooling variables by
equating the heat absorbed by the cooling air to the heat trans-
ferred from the cylinder walls to the cooling air. Thus,

Wy Cp AT = A (Ty - Ta) (28)
Because
b=l (W)™ (29)
and
Wp = kg (0gxt)” (30)
AT
golution for TE—:-T; can be made in terms of O oxiPs
AT y(x-1)
AT _ %, (0u.AD) (31)
Th. - Ta, 4 QIA

The value of the exponent y(x~-l) 1s found from the test data
to be 0.18 for the cylinder heads and 0.095 for the barrels. Because
of the low values of thig exponent, matisfactory correlstion of

Eﬁ o with TenhP should also be obtalnable; the use of JenAp
AT

rather than o, Ap 18 preferred in the Ti i

the vesults can then, in some applications, be more directly used
with the correlation equation at little sacrifice in accuracy. Thus,
for all practical purposes '

relation because

z
e AT - %:(0epntp) (32)
h - Ta

Plots of AT __ and AT __ against oO.,Ap made from the
Th__Ta T'b'Ta, & enP

cooling-test measurements axre presented in figure 20 for the engine

heads snd barrels. The use of figure 20 for making altitude engine-

cooling predictions is illustrated in appendix E.
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APPENDIX E

HIGH-ALTITUDE ENGINE-COOLING PREDICTION

The use of O Ap in the cooling-correlation equation, as
required for accurately vredicting cooling at altitude, introduces
the troublesome problem of evaluating Ogx* Thie problem is com-
plicated by the fact that Jox is not directly obtainable from
the atmospheric pressure and temperature values (including the
corrections due to ram) ag is the case with Ogpn Dbut further
involves the engine heat rejection and cooling-air pressure drop.
For thls reason, simultaneous solution for g, end of the corre-
lation equation is required; as direct solution is difficult,

recourse is had to solution by the method of successive approxi-
mations.

The correlation relations that must be established in the low-
altitude or sea-level engine-cooling tests for subsequent use in
the determinstion of the cooling obtained at thoe high altitudes
are, for the purnose of review, tebulated as followa:

1. The correlation equation (equation (4)) graphically revpre-
sented for the subject togts by the correlation line of figure 11
2. The T88 relation described by the curves of Ligure 6

0

3. The cooling-air temperature-rise equation (equation (32))
graphically vrevresented in figure 20

The quantity Oex/con is given by the general gas law

1 - Ap
D T, + 460 P
oex/ben = X x 2 = = (33)
Pen Ty + 460~ AT
T T, + 460

The quantity Ton is calculated from the entrance cooling-air

pressure and temperature. The quantity O,y ocan be computed from
Oep DY means of equation (33).

For the purpose of illustrating the method of obtaining simulta-
neous solution of the foregoing pertlnent relations to determine the
cooling obtained at altitude, two typical problems are herein assumed
and solved in step-by-step fashion.
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Calculation of cooling-air pressure-rop requirements at alti-
tude, cage 1. -

The Ffollowing operating conditions are assumed:

1. Engine charge-air consumption, 1b/8€c + « « « o « &« « » « « 3.5
2. Fuel-alr rotio of Charge . = « « + « « « o o s o o« & « « 0,100
3. Dry inlet-manifold temperature, “F . . . ¢« « ¢« « « « o+ +» « 250
4. Engine exhaust pressure, in. Hg absolute . . + + « « « « « o 30
5, Altitude of operation, ft . . . « « ¢« « « & e s+ & o s« 35,000

for which, including ram corrections,
o
Tg =6 F

Pen = 8.45 inches of mercury absolute

It is required to £ind the cooling-air pressure drop Ap for satis-
fying the cooling requirement for an average rear-middle head tem-
perature (T1l9 in fig. 4) of 400° F.

6. From figure 6 for items 2 end 4

T = 1000° F

€80
7. Correction of Tg to a dry inlet-manifold temperature of
250° F gives 80

T, = 1000 + 0.8 (250 - 80) = 1136° F

8. From items 5 and 7 for T, = 400° F

Th - Tq 400 - 6

- = 0.535
T, - T 1136 - 400
9. From items 1 and 8
T -
H/WCO-GO _ 9.535 _ _ .52
g 3,500 80

10, From item 9 and equation (9) (or fig. 11)

oexAp = 3.5 inches of water
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Solutlion for Oex 1s now requlred and involves the method of suc~-
cessive approximation.

As the first approximation, assume

Oen = Oex

1ll. Solution for oen from item 5 and the standard sea-level air

conditions of a pressure of 29.92 inches of mercury absolute and
a temperature of 519° R gives

- _8.46 519 _ o,
%n ~ 35.53 * 166 515 o

12, Fron items 10 and 11, the first approximatlon value of Ap is

Ap = ,3'5 = 11l.1 inches of water
0.315

13, For cenAp = OgxAP = 3.5 inches of water (assumption in first
approximation solution), figure 20 gives

AT _ - 0.386
Th _T&
14. Thus from item 5 (Ty = 6° F) for Ty = 400° F
AT = 0.386 X 394 = 152° F

15, From equation (33) and items 5, 12, and 14

1 - .l L
Sex _ 13.6 X 8.46 _ 0.904 _ .g82 T
o 1.326 :
en 1 4 152 ]
466

which is the second approximation value of Ooy/G., -
16. As the second approximation for Ap, from items 10, 11, and 15

_ 3.5
0.515 X 0.682

17. From iteoms 11 and 16

Ap = 16.3 inches of water

GenAp = 0,315 X 16,3 = 5.14 inches of water
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18, From figurs 20 for item 17

AT __ _ 0.38

Ty - Tg -

19. Thue from item 5 for Ty = 400° F

AT = 0,36 X 394 = 142° F

20, From equation (33) and items 5, 16, and 19 S

] - 16.3
o 13.6 X 8.46 0,858
Gex = X =ToE = 0.658 R
en 1+ 42 *
466
which ig the third approximstion value of Gex/Jen'

Thus, as the third spproximation for Ap T L

3.5

= = 16.9 inches of water
0.315 x 0.658

Ap

Recalculation for Gexﬁjen gives a value of 0.654 as compared with

0.658 obtained in the third approximation. It lils evident that the

value of Oéx/cen converges very rapidly and that a third approxi-

metion for Osx/Oen, and thus for Ap, is sufficient.

The pressure-drop value of 16.9 inches of water obtained in the
foregoing calculations compares with 13.8 inches of water, which
would be given by the correlation baged on OgnAp (equation (7)).

Calculation of average head temperature obtained at altitude,
cage 2. - It is assumed that, for the conditions given in items 1
through 5, a cooling-~air pressure drop of 10 inches of water is
available for which it is desired to calculate the resulting head
temperature.

21l. From item 11 and for Ap = 10 inches of water

GejAp = 3.15 inches of water
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22. From figure 20 and item 21
AT __ - 0.39
Th - Ta
23. As a first epproximation, assume Ty = 400° F
Then, from items 5 (Ty = 6° F) and 22
AT = 0,39 X 394 = 154C F

24, From items 5, 23, and equation (33)

R __*__;9—_—— -
Tex _ 15.6 X 8.46  0.913 _ ¢ ggs
+ 166

25. From items 1l and 24 and for Ap = 10 inches of water
OexAP = 0,315 X 0.686 X 10 = 2.16 inches of water

26. From equation (9) (or fig. 11) and item 25

- T 0.60
Th - Ta Vo = 0.298
Tg - Th

27. From ltems 1, 5, 7, and 26
' Ty = 442° F
28. As the second approximation, let
Ty = 442° F
Then from ltems 5 and 22
AT = 0.39 X 436 = 170° F

29. From items 5 and 28 and equation (33)

- 10
Jex = 13.6 X 8,48 - 0,913 = 0.668
o] 170 1.365
e XA
o 1+ Tes
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30. From items 11 and 29 and for Ap = 10 inches of water

Oy AP = 0.315 X 0.668 X 10 = 2.10 inches of water

31. From equation (9) (or fig. 11) and item 30
T, - T .
od S~ 'Wéo 0 . 5.301
Te = Ty

32. From items 1, 5, 7, and 31

Ty = 446° F

which checks very closely with the second avproximstion value and
ig therefore the reguired valus.

The derived T, value of 446° F compares with 426° F, which

would be cbtalned from the correlation based on OonlP (equa-
tion (7)). . e
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TABLE I - SUMMARY OF FLIGHT TEST CONDITIONS

Altitude| Engine |Pressure| Engine
(£4) power |drop speed
(bhp) | (in. (rpm)
water)
5,000 800 |Variable} 2550
5,000 1000 |=---do---{ 2530
5,000 1300 | -=-do=-~-} 2550
5,000 1500 |{--~do---} 2550
5,000 800 |Constent |Variable
5,000 {Variable|---do---| 2550
5,000 1100 |Variable| 2550
5,000 |Variable{Constant} 2550
5,000 1000 | ==--~do--=-[Variable
5,000 | Variable| Variable 2550
7,000 2000 |-~---do~~-{ 2700
10,000 1500 | ~-=--do=--] 2550
10,000 1000 ~-~do---1Variable
15,000 1100 | -=~do===}~=~d0~~=
25,000 100¢ | ---~do---| 2550
25,000 1100 | --~do=---| 2550
25,000 1000 | =-=--do--=} 2550
25,000 1800 |--~do---{ 2550
25,000 1800 | -=-~do---} 2700
25,000 {Variable|Constant| 2530
25,000 1000 |Variable| 2550
25,000 |Variable; ~--do=~-- 2550
25,000 |---do---{Constant |[Varlable
30,000 1300 | Variable 2550
30,000 1500 { ~-=--do=--=| 2550
3,000 1100 {---do-~-~} 2550
30,000 Variable|Constant| 2600
35,000 1200 |{Variable] 2550
35,000 1200 | -~-do=~--| 2550

Nationsal Advisory Committee
for Asronautics
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Figure |. -~ Airplane used in the engine-cooling flight investigation.
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.Figure 2. - power-plant installation in the test airplane.
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Figure 4. - Cylinder thermocouple locations.
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